Study design: Review article. Objectives: To provide an overview of free radical biology, particularly with respect to muscle physiology, as well as the potential effects of muscle morphological changes, physical capacity and nutritional status on oxidative stress in people with chronic spinal cord injury (SCI). The potential implications of these factors for determining the optimal dosage of rehabilitation training interventions in people with chronic SCI will also be presented. Setting: Vancouver, BC, Canada. Methods: Literature review. Results: Not applicable. Conclusion: There has been a great deal of focus on rehabilitation exercise interventions providing intensive practice of movements to enhance functional recovery and physical capacity following SCI. However, there is still much to be understood about the appropriate dosage of training parameters (e.g. frequency, duration). It has been known for several decades that exercise increases free radical production, leading to oxidative stress. To date, there has been little consideration of the potential interaction of oxidative stress with training parameters on functional outcomes in chronic SCI. Furthermore, individuals with chronic SCI face many secondary consequences of their injury, such as muscle atrophy, change in muscle fiber type, general deconditioning and nutritional status, that are known to influence free radical production and antioxidant capacity. Better understanding of the potential confounding effects of oxidative stress associated with exercise will improve our ability to determine the optimal 'dose' of rehabilitation training to maximize functional recovery following SCI.
INTRODUCTION
The worldwide incidence of spinal cord injury (SCI) is estimated to be between 10.4 and 83 per million inhabitants per year. 1 Owing to significant deficits in mobility, sensation and cardiovascular regulation, people with SCI tend to have inactive lifestyles. 2 Accordingly, one of the leading causes of morbidity and mortality among the chronic SCI population is cardiovascular disease and Type 2 diabetes. 3 Furthermore, movement deficits have a significant impact on health, independence and social participation in people with SCI. 4 Physical activity and exercise are important for optimizing mobility and reducing the sedentary lifestyles that lead to greater risk of secondary complications (e.g. osteoporosis, pressure ulcers, orthostatic hypotension) and chronic disease. [5] [6] [7] Numerous studies have examined the functional and health outcomes of various rehabilitation interventions for people with SCI, ranging from seated arm cycling, body-weight-supported treadmill training (BWSTT), wheelchair ergometry and functional electrical stimulation leg cycling. 8, 9 However, there is still much to be understood for determining optimum training parameters (e.g. frequency, duration and progression of training) for this population. In the example of BWSTT, parameters of intensity and duration have been primarily derived from the hypotheses that greater volume of training (i.e. intensive and repetitive task-specific practice of walking) is required to enable neural adaptations underlying functional improvements, 10 but there has been little consideration of secondary (and potentially deleterious) factors that could result from strenuous training.
There is evidence that exercise, especially when performed strenuously, is associated with the overproduction of free radicals (mainly reactive oxygen species) or reduced detoxification by antioxidant defense systems in able-bodied subjects, 11 situations that could lead to oxidative stress. Oxidative stress is a condition where the toxic effects of free radicals are not adequately counteracted by the body's antioxidative defenses. In SCI, oxidative stress has usually been considered with respect to secondary damage after the acute injury and much attention has been given to developing effective acute therapeutic interventions to alleviate the oxidative stress. 12 However, beyond the acute phase, we have little understanding of how oxidative stress responses may impact exercise capacity, and therefore, the prescription of rehabilitation training parameters in people with SCI.
Oxidative stress can lead to muscle fatigue and compromise force production, thereby interfering with exercise performance. Indeed, with greater intensity and repetition of movements, such as that found in many exercise-based rehabilitation interventions, there is likelihood for higher levels of perceived exertion and decreased ability to perform sustained movement patterns appropriately, particularly in people with neurological injuries where fatigability and reduced exercise capacity are known issues. 13, 14 Furthermore, the susceptibility to oxidative stress is further exacerbated by changes in lifestyle (including nutritional and physical activity), changes in muscle fiber properties and muscle atrophy-issues that are of particular relevance for individuals with chronic SCI. 15 Better understanding of the potential confounding effects of oxidative stress associated with exercise-based rehabilitation training will improve our ability to determine the optimal prescription of rehabilitation programs to maximize functional recovery following SCI ( Figure 1 ). Thus, our objective here is to review the factors that could predispose individuals with chronic SCI to a greater risk of exercise-induced oxidative stress. We first provide a brief introduction and overview of oxidative stress and antioxidant biochemistry, particularly as it pertains to skeletal muscle physiology, followed by a discussion of the potential influence of these processes on the prescription of rehabilitation protocols in people with chronic SCI.
BIOCHEMISTRY OF OXIDATIVE STRESS
Free radicals: reactive oxygen species and reactive nitrogen species Free radicals are molecules with at least one unpaired electron, making them unstable and highly reactive with other molecules. Damage is caused when free radicals capture electrons from other molecules, including those found in DNA, lipids and proteins. The most significant types of free radicals in the human physiological system are those derived from oxygen or nitrogen.
Reactive oxygen species (ROS) include superoxide ion (O 2 À ) and hydroxyl radical (OH), and are produced as by-products of the normal metabolism of oxygen, such as that required for energy production in the mitochondria. Mitochondria have usually been considered to be the main source of O 2 À in mammalian skeletal muscle. 16 During oxidative phosphorylation, adenosine triphosphate (ATP), the cell's main source of energy, is produced by the metabolism of energy substrates (that is, glucose, lipids) in the mitochondria. This process consists of a series of enzymatic reactions involving the reduction (electron acceptance) of oxygen. The reduction of an oxygen molecule by a single electron results in O 2 À , a free radical containing one unpaired electron. It is typically reported that 2-5% of the oxygen consumed by muscle mitochondria contributes to the production of ROS, 17 although that number may be closer to 0.15%. 18 Indeed, several other subcellular sources of O 2 À in skeletal muscle have been identified, including that produced by the NADPH (nicotinamide adenine dinucleotide phosphate) oxidase enzyme found in the sarcoplasmic reticulum, transverse tubules and sarcolemma (reviewed in Powers and Jackson 19, 20 and Jackson). It appears that NADPH oxidase activity serves to generate O 2 À (using NADPH as a substrate to transfer electrons to molecular oxygen) to influence calcium handling by the sarcoplasmic reticulum. 21 As the level of NADPH oxidase activity is depolarization-dependent 22 and as oxygen uptake will increase with contractile activity, O 2 À levels could increase with exercise through this pathway. 20 The availability of O 2 À leads to several downstream reactions, resulting in the production of hydrogen peroxide (H 2 O 2 ) and OH. Although O 2 À is membrane impermeable, it has a relatively long half-life, allowing it time to oxidize (remove electrons from) protein constituents (mainly iron). O 2 À can also dismutate (undergo simultaneous oxidation and reduction) into H 2 O 2 , a reaction that is catalyzed by superoxide dismutase (SOD). H 2 O 2 is a stable, membrane-permeable molecule. Although it is not an ROS, it is considered a free radical because of its capacity to generate free radicals and produce resultant cytotoxic effects. In particular, H 2 O 2 readily produces OH, a highly reactive molecule and probably the most damaging of all the free radicals to cell components.
Reactive nitrogen species (RNS) are another common class of free radicals in biological systems, the most common being nitric oxide (NO). Like O 2 À , NO is highly reactive, forming other RNS, and its production is increased by contractile activity. 19, 23 NO is converted from the amino-acid L-arginine by nitric oxide synthases (NOSs), whose activity is calcium-dependent. The primary action of NO is the production of cyclic guanosine monophosphate, but it is also the parent molecule of RNS, reacting with oxygen to form nitric dioxide Figure 1 Oxidative stress and rehabilitation/exercise training parameters in SCI. In considering the appropriate dosage of rehabilitation or exercise training parameters, there should be a balance between the level of training intensity (i.e. frequency, duration) required to enable functional improvements and a level of training to minimize potential damage due to oxidative stress. Pre-existing considerations in people with chronic SCI, including muscle atrophy, muscle fiber type, general deconditioning and nutritional status, could necessitate greater consideration of the potential effect of intensive training parameters on the risk of damage secondary to oxidative stress (shifting this balance towards the left in the figure). On the other hand, positive adaptations with training over time could enhance antioxidant capacity, allowing for greater focus on training parameters that will improve function and less consideration for the potential negative side effects of training associated with oxidative stress (shifting this balance towards the right in the figure).
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(NO 2 ) and with O 2 À to form peroxynitrite (ONOO À ), a strong oxidizing agent.
It is well documented that low concentrations of ROS and RNS are beneficial for a variety of tasks including stimulation of endogenous enzymatic and non-enzymatic antioxidant defense mechanisms and enhancing repair processes. 24 Conversely, overproduction of free radicals overwhelms the antioxidant response, resulting in cytotoxicity through effects on proteins, lipids, carbohydrates and nucleic acids. Protein oxidation can involve cleavage of the polypeptide chain, modification of amino-acid side chains and conversion of the protein to derivatives that are highly sensitive to proteolysis, or directed degradation of proteins. 25 OH is known to react with the components of DNA, damaging both the purine and pyrimidine bases as well as the deoxyribose backbone by protein oxidation. 26 OH also initiates lipid peroxidation, resulting in the degradation of polyunsaturated lipids. As these lipids are the main constituents of cell membranes, consequences of lipid peroxidation include structural damage to the plasma membrane and impaired membrane protein function. 27 
Antioxidant systems
The regulation of ROS levels requires a precise balancing act between the normal by-products of metabolism, as described above, and the body's antioxidant systems. 28 Antioxidants are defined as 'any substance that, when present at low concentrations compared with that of an oxidizable substrate, significantly delays or inhibits oxidation of that substrate' . 29 Antioxidants can exert their effects through a number of different mechanisms, including hydrogen atom transfer to break free radical-generating chain reactions, electron transfer to neutralize free radicals or catalyzing radical-scavenging reactions. 30 Endogenous antioxidants include ROS-specific antioxidant enzymes that are expressed constitutively in skeletal muscle: SOD, catalase and glutathione peroxidase (GPx). These enzymes work together to exert their antioxidant effects by catalyzing the downstream reactions of O 2 À , which is converted to H 2 O 2 by SOD; conversion of H 2 O 2 to water and oxygen or alcohol is then enabled by catalase or GPx, respectively. NO can also be considered an antioxidant as it is a very rapid scavenger of other free radicals (although in doing so, it will generate other downstream free radicals). 31 Important non-enzyme antioxidants include vitamin E (especially a-tocopherol), vitamin C, thiols (for example, glutathione, a-lipoic acid) and flavonoids. 30, 32 Other compounds, such as free amino acids, peptides and proteins can also serve as ROS scavengers, but they are not strictly antioxidants as their scavenging effects are significant only at high concentrations. 28 Effects of free radicals on skeletal muscle function Both ROS and RNS have dual impact on muscle function, being both essential for normal force production on the one hand, and contributing to impairments in muscle force production on the other. In unfatigued skeletal muscle, low levels of free radicals found during basal conditions are, in fact, essential for normal force production. In experiments with isolated fiber bundles from rat diaphragm muscle, application of antioxidant enzymes against H 2 O 2 or O 2 À resulted in a reduction in muscle fiber twitch force and time to peak tension, 33, 34 but application of exogenous H 2 O 2 at low concentrations (o10 À1 M) resulted in an increase in these muscle fiber twitch parameters. 33 NO and NOSs are also present in the skeletal muscle in low levels at rest and increase with muscle contraction. [35] [36] [37] The effect of NO in unfatigued skeletal muscle has been shown to be inhibitory on force production. 37, 38 Application of an NO donor to isolated skeletal muscle fibers results in a reduction in maximal tetanic twitch force, whereas application of an NOS inhibitor has the opposite effect. 37 NO has also been proposed to exert its effect on force production through modulating a cyclic guanosine monophosphate pathway that inhibits skeletal muscle force, modulating calcium release from the sarcoplasmic reticulum or influencing cell membrane resting potential or actin-myosin interactions. [38] [39] [40] NO also has a powerful antioxidant effect against O 2 À and it is possible that the negative effect of NO on muscle twitch force could be related to its buffering effect of ROS. 39 Clearly, the interactions of ROS and NO during unfatiguing muscle contractions are intricate and complex, and the functional implications of their combined influence on skeletal muscle function is only beginning to be unravelled. 41 When excess levels of ROS or RNS are produced, such as during strenuous exercise, deleterious effects on force production can result, leading to muscle fatigue. Many possible mechanisms have been proposed including alterations in calcium handling in the sarcoplasmic reticulum (both calcium release and re-uptake mechanisms), and changes in the structure and calcium sensitivity of myofilaments (for more detailed discussion of these mechanisms, see Powers and Jackson 19 and Reid 23 ). As a result, muscle fatigue can result from deficiencies in the regulation of sarcoplasmic calcium levels or impairments in the proper functioning of contractile proteins leading to impairments in force production.
OXIDATIVE STRESS IN CHRONIC SCI
Oxidative stress damage and antioxidant therapies in acute SCI have been extensively reviewed elsewhere (for example, see Jia et al. 12 ), and will not be discussed here. Instead, we focus our attention on the potential impact of oxidative stress on the prescription of rehabilitation interventions for SCI beyond the immediate acute phase. Skeletal muscle atrophy, 15 changes in muscle fiber type 42 as well as general deconditioning and a sedentary lifestyle, 43 commonly observed in people with SCI, are all factors that can influence exercise capacity as well as oxidative stress and antioxidant capacity. We propose that these issues should be considered by rehabilitation researchers seeking to advance our understanding of the optimal rehabilitation training parameters for individuals living with SCI ( Figure 1 ).
Changes in skeletal muscle after SCI Skeletal muscle atrophy. Muscle deconditioning is a common secondary consequence of SCI. The most visible effect of deconditioning is muscle atrophy, characterized by a reduction in size of individual muscle fibers (by as much as 45% 44 ) that is evident even 6 weeks postinjury. 44, 45 There is evidence that oxidative stress can promote skeletal muscle fiber atrophy, and also that in muscles that have been inactive, there is an accumulation of ROS. The earliest link between disuse-muscle atrophy and oxidative stress was illustrated by Kondo et al., 46 who showed that that there were high levels of markers of muscle lipid peroxidation in muscles atrophied by immobilization. 46 In humans, skeletal muscle atrophy induced by bed rest is also accompanied by increased protein carbonylation, a marker of oxidative stress. 47 Numerous changes in mitochondrial morphology and biochemical function (including ROS production) are associated with the increased protein degradation and decreased protein synthesis that accompanies muscle atrophy. 48 In addition, mitochondria-targeted antioxidants have been shown to have a protective effect against muscle weakness and atrophy in animal models of disuse muscle atrophy. 49, 50 Potential sources of oxidative Figure 2 ).
Skeletal muscle fiber type. Muscles below the level of the SCI also undergo dramatic changes in fiber phenotype. Numerous muscle biopsy studies have shown that most individuals within a few months postinjury have a significantly higher proportion of fast-twitch fibers in muscles below the level of the lesion, as indicated by staining for fast myofibrillar ATPase activity 54, 55 or higher proportion of muscle fibers with fast (Type IIx) isoform of the myosin heavy-chain protein and fast-fiber-specific isoform of the sarcoplasmic reticulum calciumATPase compared with able-bodied controls. 56, 57 The transformation toward predominantly fast-twitch muscle fibers is evident as early as 4-6 weeks postinjury, 56, 57 and as time postinjury lengthens, there is greater likelihood that all muscle fibers sampled will show complete transformation to Type II fibers. 56 The changes in muscle fiber composition following SCI will contribute not only to fatigability but also have consequences for oxidative stress. Indeed, oxidative stress and antioxidant capacity are influenced by muscle fiber type. It has been shown in fast-twitch muscle fibers that the proportion of H 2 O 2 production vs O 2 consumed in the mitochondria is 2-3 times greater than that in slower-twitch muscle fibers. 58 Also, neuronal NOS activity is strongly correlated with Type II fiber composition. 38 Antioxidant capacity also varies with muscle fiber type. After an acute bout of exercise, GPx and catalase activity measured in rat skeletal muscles were significantly higher in soleus (predominantly Type I fibers) than in vastus lateralis (primarily Type II fibers). 59 Furthermore, the increase in antioxidant enzyme activity (SOD and GPx) in skeletal muscle following intensive exercise has been shown to be greatest in Type I skeletal muscles but lowest in the fast-twitch muscles. 60, 61 Thus, in muscles that are completely or partially paralyzed by an SCI, changes in morphology and fiber type composition could lead to a predisposition towards greater oxidative stress and reduced antioxidative capacity. The propensity towards loss of Type I muscle fibers would further contribute to a decrement in antioxidative capacity.
Effect of lifestyle changes after SCI
Changes in nutritional status and especially changes in physical activity are notable after SCI, and both of these factors will have strong implications for oxidative stress and antioxidant capacity. A sedentary lifestyle combined with poor dietary balance could result in overabundance of glucose and fatty acid accumulation, which in turn could lead to the production of excess ROS through the mitochondrial electron transport chain. 62 Indeed, several studies have shown that antioxidant capacity is dependent on the level of physical activity. Elite athletes and able-bodied adults who participate in some form of regular exercise or physical activity have higher resting levels of glutathione (one of the human body's main antioxidants), lower resting levels of glutathione disulfide (the oxidized form of glutathione) and improved antioxidant response to graded exercise tests compared with age-matched sedentary subjects. 63, 64 Trained athletes also show higher levels of antioxidant enzyme activity (for example, SOD, GPx) and lower levels of blood markers of oxidative stress (for example, malondialdehyde, a byproduct of lipid peroxidation) compared with sedentary controls. [65] [66] [67] Similar findings have been found in tetraplegic rugby players, who show higher levels of catalase and GPx activity compared with their sedentary counterparts. 68 In another study, sedentary individuals with SCI were found to have higher levels of lipid peroxides both at rest and in response to strenuous exercise compared with able-bodied individuals. 69 Also, while able-bodied individuals showed an increase in NO (acting as an antioxidant) with strenuous arm cycling, individuals with SCI showed no change in NO concentration. 69 Thus, existing levels of physical conditioning could have implications for the prescription of training regimens in people with SCI.
Dietary intake could also impact antioxidant capacity in people with SCI. Many nutrients derived from our diet provide an important source of antioxidants to the body and there is an enormous body of literature pointing to the association between diets rich in antioxidant-containing fruits and vegetables and the risk of chronic disease. 70 The most important diet-derived antioxidants include vitamin E, a lipid-soluble antioxidant that protects against lipid peroxidation by neutralizing ROS (including O 2 À ) and vitamin C, which is water-soluble and directly reacts with O 2 À and OH. Studies analyzing nutritional intake after SCI indicate that people with SCI tend to have less than the recommended intake of antioxidant vitamins (especially vitamins C, E and A). [71] [72] [73] [74] [75] Although most studies of nutritional status in SCI are framed with respect to risk of obesity and cardiovascular disease, 71, 73 dietary antioxidant capacity should also be considered in rehabilitation and exercise management following SCI. 
OXIDATIVE STRESS AND REHABILITATION IN CHRONIC SCI
There has been increasing focus and interest on physical rehabilitation strategies that involve intensive, repetitive movements, such as functional electrical stimulation-assisted cycling, arm ergometry or BWSTT. 76, 77 Such modalities are restricted not only to rehabilitation therapy but are also among the recommended activities that could be included as part of ongoing regular exercise programs for people with SCI. 78 Gait rehabilitation interventions, particularly BWSTT, have arguably received the most widespread attention among SCI rehabilitation researchers, both for improving walking function, as well as its potential to confer such secondary benefits as improvements in cardiovascular health, muscle composition and metabolism, bone health and psychological well-being. 79 However, beyond the general principle that training should provide intensive and repetitive practice of task-specific movements, there is little rationale for administering a particular intensity, duration or frequency of training. Indeed, it is clear that training parameters can vary widely across the literature. For BWSTT, training parameters in research studies have ranged from 2 to 5 times per week, 20-60 min per session for 2-48 weeks; 77 the number of training sessions can vary widely even within a single study. 80, 81 Rehabilitation researchers are still challenged to establish the optimal training parameters required to achieve functional improvements. Considerations of the potential effects of oxidative stress in SCI will be an important factor in addressing this issue.
There are indications from other studies that both the intensity of training, as well as training frequency and duration will have an impact on oxidative stress and antioxidant responses. Many forms of rehabilitation therapy, such as BWSTT or arm and leg cycling, are associated with levels of perceived exertion indicative of moderate to heavy intensity. 6, 82 Moreover, the additional use of electrical stimulation to enhance muscle activation will contribute to the intensity of exercise. Results from animal studies suggest that even moderate exercise intensity can trigger antioxidant responses, particularly in fast-twitch muscles. 59 Similarly, malondialdehyde concentration is increased to a greater extent in fast-twitch muscles, and this increase will be greater as exercise intensity increases. 83 In humans, blood markers of lipid peroxidation and antioxidant status have also been shown to be increased with increasing levels of exercise intensity (as gauged by %VO 2 max). 84 The relationship between oxidative stress and antioxidant capacity with respect to training intensity in people with SCI remains to be elucidated.
The question of how antioxidant defense systems can tolerate higher training frequencies (for example, consecutive vs alternate days) will also be important for determining optimal rehabilitation parameters in people with SCI. Anecdotally, an increase in perceived level of exertion associated with subjective and objective measures of muscle fatigue are common the next day after walking exercise; this could be linked to oxidative stress, 85 but it has never been systematically investigated in SCI. In terms of training frequency, data from able-bodied individuals suggest that changes in antioxidant level in response to exercise could depend on training status. Viguie et al. 86 found that blood glutathione and ascorbate (vitamin C) levels did not differ between the first and third day of consecutive exercise in a group of healthy, recreationally active adults. Similarly, highly trained cyclists do not show cumulative effects of oxidative stress over consecutive days of exercise. 87 However, a study comparing professional elite cyclists to recreational cyclists showed that increases in blood levels of antioxidant vitamins in response to exercise will vary with training status. 88 Professional cyclists significantly increased plasma ascorbic acid (vitamin C) and a-tocopherol (vitamin E) concentrations but recreational cyclists had no change in these antioxidant vitamins after exercise. 88 For people with SCI, who may already be deconditioned and have detrimental changes in muscle morphology and function, better understanding of how the frequency of training impacts oxidative stress responses is required, particularly in determining the initial dosage of rehabilitation programs. Nevertheless, we should be able to reasonably expect that with ongoing training, antioxidant defense systems can adapt and improve. In sedentary, able-bodied individuals, a 6-week exercise program resulted in a significant increase in resting glutathione and decrease in glutathione disulfide levels compared with a control (no exercise) group. 89 Similar findings of decreased oxidative stress, accompanied by improvements in aerobic fitness with long-term (up to 12 months) exercise training were found among a group of previously sedentary older adults. 90, 91 However, improvements in antioxidant capacity are also readily reversed by detraining (e.g. if exercise is ceased for 4 months), 90 illustrating the fluid nature of the oxidative-antioxidant balance. Data from tetraplegic rugby players indicate that long-term training (i.e. average of 7 years of rugby experience) can afford beneficial adaptations in antioxidant systems (such as increased resting levels of antioxidant enzymes), similar to trained able-bodied athletes. 68 In contrast, individuals with chronic SCI who underwent a shorter-term exercise program (30-min functional electrical stimulation cycling, 2-3 Â per week for 8 weeks) had no change in resting or postexercise levels of malondialdehyde, SOD or GPx. 92 More studies will be needed to understand the adaptive capacity and time course of adaptation of the oxidative stress system following SCI to determine the optimum progression of training parameters.
CONCLUSIONS
Rehabilitation and exercise training are important for maintaining lifelong health and fitness in people with SCI. Although there is still much to be understood for determining optimal training parameters for rehabilitation and exercise therapies, it is encouraging that the recently released evidence-based guidelines for general physical activity and exercise for people with SCI 78 enforces the notion of gradually building up exercise intensity. However, for rehabilitation strategies promoting neural recovery, the intensity, frequency and duration of the exercise has seemed to rely mainly on the adage of 'the more the better' , but we have little understanding of the potential confounding effects of excessive free radical production if interventions are undertaken too strenuously, particularly during the initial stages of rehabilitation. People with SCI already experience changes in muscle morphology along with changes in lifestyle that could predispose them to greater risk of oxidative stress and reduced antioxidative capacity. Indeed, there is evidence that even as early as 1 month postinjury, individuals with SCI have lower levels of antioxidant markers and higher levels of urine markers of oxidative stress compared with controls. 93 Certainly the balance between optimizing neuromotor recovery, the potential damaging effects of excessive free radical production with training and the importance of incorporating appropriate nutritional guidelines will all be needed to be taken into consideration as rehabilitation research continues to advance our understanding of the optimal prescription of training interventions.
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